there are some inherent shortcomings in provenance analysis. Provenance studies are limited by the ability to geochemically distinguish the wide range of potential sourcelands. Additionally, their specific use in the reconstruction of robust palaeodrainage models is problematic, as there are difficulties in recognising and quantifying the extent of sedimentary recycling and mixing (Tyrrell et al. in press ).
Provenance techniques fall into two broad categories -those that utilise the bulk composition of the sediment or sedimentary rock and those which exploit signals in individual sand grains. Bulk compositional approaches (e.g. petrological techniques, Sm-Nd whole rock) are particularly hampered by problems such as framework grain modification, failure to recognise mixing and recycling, inadequate source characterisation and non-unique signals. These issues cannot be easily overcome with a bulk compositional approach. With the increased availability of in-situ micro-analytical techniques, provenance studies increasingly utilise geochemical or isotopic signals in single grains of a specific mineral (e.g. Cawood et al. 2004; Clift et al. 2008) . However, although these techniques enable sourcelands to be distinguished, the full transport history experienced by individual framework components often remains unconstrained. Many provenance tools use 'trace' components that may be difficult to relate to the framework grains that determine reservoir characteristics. Robust mineral phases (e.g. zircon) may have been recycled through one or more intermediary sediments or sedimentary rock. In contrast, unstable mineral grains (e.g. K-feldspar) are less likely to survive sedimentary recycling, and, therefore, if present, can be regarded as first-cycle components derived directly from source. The identification of first cycle detritus is key to resolving drainage scales and sediment transport pathways in reservoir sandstone intervals. Recent studies have demonstrated the utility of the Pb isotopic composition of detrital K-feldspar as a sand provenance tool that can be applied on a regional scale (Tyrrell et al. 2006 (Tyrrell et al. , 2007 Clift et al. 2008) . As detrital K-feldspar is unlikely to survive more than one sedimentary cycle, grains can be tracked back directly to their basement source.
In recent years Pb K-feldspar data have been collected from NW European Margin basins as part of an ongoing study of Permo-Triassic to Lower Cretaceous sediment dispersal (Tyrrell et al. 2007, in press ).
The aims of this regional work are to understand better the large-scale controls on drainage development throughout the Mesozoic, to examine the evolving drainage patterns prior to and during the break-up of Pangaea, to identify potential linkages between basins on the conjugate Atlantic margins, and to consider the implications for regional sand distribution within and across the lightly explored basins west of Ireland.
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Detailed investigations of the c.6km of Mesozoic and Cenozoic stratigraphy in the Rockall Basin have been hampered by the lack of wells drilled in the basin. Until recently, stratigraphic control points were limited to a single DSDP borehole (610) in the southwest of the basin, which penetrated Miocene and younger sediments, and a small number of boreholes in the NE Rockall Basin within the UK sector.
However, a programme of shallow borehole drilling carried out in 1999 (Haughton et al. 2005 ) allowed the Mesozoic stratigraphy of the eastern basin margin to be directly constrained for the first time. The oldest definitively dated rocks penetrated by these boreholes are Late Jurassic (Early Kimmeridgian).
More recently, exploration drilling on the eastern Rockall Basin margin, offshore NW Ireland (well 12/2-1 and sidetrack 12/2-1z; Figure 1 ), led to the Dooish gas condensate discovery which is hosted in sandstones of Permo-Triassic and Middle Jurassic age (see below). The cores from well 12/2-1z present a unique opportunity to expand our knowledge of evolving drainage in the region. In this paper, new provenance data obtained from both the Permo-Triassic and Middle Jurassic reservoir sandstone intervals in this well are discussed in detail. In addition, these data are incorporated with recently published data from Triassic, Upper Jurassic and Cretaceous sandstones from the Slyne, Porcupine and eastern Rockall basins respectively in order to understand better regional sediment dispersal patterns and controls on palaeodrainage development. These impact directly on the prospectivity of the Irish Atlantic margin basins.
THE PB IN K-FELDSPAR PROVENANCE TOOL: RATIONALE AND APPROACH
The Pb-in-K-feldspar provenance tool can provide valuable information on regional sand dispersal in sedimentary basins, especially, as in this case, where the reservoir intervals are feldspathic. The Common Pb isotopic signature of K-feldspar has proved to be a powerful method of mapping gross crustal structure (e.g. Connelly & Thrane 2005) and hence potential sand source areas. Systematic regional variations in common Pb composition are seen at sub-orogenic scale (<100 km) in both active mountain belts and ancient orogens (Vitrac et al. 1981) reflecting the assembly of basement domains with different ages and U-Th-Pb fractionation histories. Therefore, broad regional patterns in Pb 
5
and has low U and Th contents (typically <1ppm), and hence the corrections to the common Pb signature for radioactive decay are negligible.
K-feldspar is a common mineral in many sandstones and a key constituent of arkose, and it has been shown that detrital grains retain the Pb isotopic signature of their source (Tyrrell et al. 2006) . Importantly, the source of K-feldspar is very likely linked to the source of the majority of the quartz grains. Therefore determining K-feldspar provenance ultimately can constrain the source of the majority of the framework grains. With the advent of in-situ techniques (laser-ablation inductively-coupled plasma mass spectrometry (LA-ICPMS) and secondary ion mass spectrometry (SIMS)) it is now possible to measure variations in the Pb composition within individual K-feldspar sand grains so that the extent of intra-grain variation and mixing of different grain populations can be isolated (Tyrrell et al. 2006) . The rapid, non-destructive, in-situ analysis of large numbers of individual grains by LA-MC-ICPMS within an arkose represents a significant advance in provenance characterisation (Tyrrell et al. 2006 (Tyrrell et al. , 2007 . The use of ion counter instead of Faraday collectors (see below) allows for the analysis of low Pb and finer grain sizes (Tyrrell et al. in press) . However, though, until recently, the extent of drainage systems with this geometry in basins further north and west remained unclear.
In the Slyne Basin west of Ireland (Figure 1 ), Sherwood sandstone equivalent Triassic sandstones host the Corrib gasfield and comprise fine-to medium-grained arkosic fluvial and alluvial sandstones with sub-ordinate sand-flat and playa mudstone deposits (Dancer et al. 2005) . Previous palaeodrainage models for these sandstones, based on borehole dipmeter logs and whole-rock geochemistry, suggested derivation from the south and south-west (the Variscides) with some input from the uplifted Irish mainland (Dancer et al. 2005) . Recently published Pb isotopic data for the K-feldspar component suggest a contrasting interpretation; two distinct Pb populations appear to have been sourced from Archaean and Proterozoic crust, suggesting derivation from a potentially wide area to the north and west (Tyrrell et al. 2007) . Significantly, grains appear to have been dispersed across the subsequent site of the Rockall Basin, with drainage scales likely to have been in excess of 500 km. These data The Porcupine Basin, southwest of the Slyne Basin (Figure 1) , includes a Jurassic sequence deposited during a phase of rifting (Croker & Shannon 1987; Naylor & Shannon, 2005) . In the northern part of the basin, an Upper Jurassic (Kimmeridgian-Tithonian) sequence of low-energy fluvial (meandering river) and marginal marine facies is present. These sandstones are the reservoirs for the Connemara oil accumulation in well 26/28-1 (Figure 1 ). These facies are replaced southwards by marine sandstones and deep-water fans (Butterworth et al. 1999; Williams et al. 1999) , which host the Spanish Point gas condensate discovery (35/8-2). Previous work (Butterworth et al. 1999) Figure 1) show relatively radiogenic compositions. These sediments, sampled from shallow boreholes, are calcareous and appear to have been deposited in a high-energy shelf environment (Haughton et al. 2005) . The sedimentology of these sands and the Pb isotopic 8 composition of the K-feldspar component suggest they are locally derived directly from the Porcupine High (Tyrrell et al. 2007 ). Transport of K-feldspar sand grains across the Rockall Basin is not indicated.
THE DOOISH GAS CONDENSATE DISCOVERY, EASTERN ROCKALL BASIN:
The Dooish gas condensate discovery, on the eastern margins of the Rockall Basin, comprises pre-rift sandstones in a 40 km 2 tilted fault block sealed by post-rift sediments of Late Cretaceous age ( Figure   2 ). Well 12/2-1, some 125 km northwest of Donegal, was drilled in 2002 in order to test the prospect.
The target sandstones were presumed to be Middle-Late Jurassic in age, based on jump seismic correlation with the Slyne -Erris Basin to the south, though it was recognised that they could be as old This study utilises new sedimentological logging of the cored intervals, together with well reports and completion logs to constrain depositional and stratigraphic context for the provenance analysis.
METHODOLOGY:
Core logging and sampling:
The 3 cored intervals in well 12/2-1z, comprising a total of 90 metres of section, were logged at a scale of 1:50. The cores were sampled at intervals of c.2 metres, with sand-rich beds and distinct facies intervals preferentially targeted. Wherever possible, core plug trims were used in preference to sampling the core directly. Thin sections of these samples were prepared, and their petrography assessed optically. On the basis of bulk facies and petrographic assessment, a subset of samples was selected for provenance analysis (see below).
Provenance Analysis:
Imaging and EMPA analysis: Thin sections of c.300 µm thickness were prepared from which Kfeldspar grains were imaged using backscatter electron (BSE) and cathodoluminescence (CL) at the Electron Microprobe Laboratory, Geowissenschaftliches Zentrum, Göttingen, Germany. The majority of the imaged grains were analysed using electron microprobe analysis at the above facility, to constrain bulk composition of the feldspar grains. analysis. This enables the laser spot size to be adjusted during isotopic analysis such that sufficient, but not excessive, Pb is released. Optimising the Pb ion beam allows for the reduction of analytical error and prevents damage to the ion counter array which can result from strong beams. Pb concentrations were measured using an Element ICPMS in the Microanalysis Facility at MUN. U and Th concentration of individual K-feldspars, used to constrain potential radiogenic growth, were measured at the same time (Table 1 ).
In the case of all the analytical approaches, the data can be acquired rapidly and require only a previously-imaged, thick (c.300 µm) polished thin section, thereby retaining the grain context within the sedimentary rock sample. The approach also uses minimal core material and can be undertaken on smallcore chips or plug trims. Previous workers have used multiple-single-grain leaching techniques coupled with TIMS analysis (Hemming et al. 1996) , but this approach does not allow for potential intragrain heterogeneities to be characterised prior to and avoided during analysis. The use of ion microprobe techniques (Clift et al. 2001; 2008) 
RESULTS:
Well stratigraphy: Given the unfossiliferous nature of the cored intervals, their age has yet to be firmly established.
Biostratigraphical results from released well reports suggest an early Permian (Asselian) age for the lowermost, uncored part of the A sandstones and a Middle Jurassic to Earliest Cretaceous age for the B and C sandstones. In the absence of definitive biostratigraphic data, released well reports have assigned a broad Permo-Triassic age for the uppermost and cored part of A sandstones, and B and C sandstones are assigned a tentative Middle Jurassic age. For the purposes of this study, the important issues are the compositional variations between packages and the broad correspondence between this well and others in the region at the level of Permo-Triassic versus Jurassic-Cretaceous.
Core description:
The 
Sandstone Petrography
A sandstones: Sampled sandstones are well-sorted sub-arkosic arenites, with sub-angular to rounded grain shapes ( Figure 5A ). Rounded grains may represent an aeolian grain population which has been reworked by fluvial action. K-feldspar is common (c.15% modal abundance), and it has a very fresh 14 appearance, commonly displaying perthitic textures ( Figure 5D ). Traces of plagioclase, muscovite mica and detrital clay occur. Minor lithic fragments, dominantly of plutonic igneous origin, also occur.
Macroporosities vary between 5 and 15%.
B sandstones: Sampled sandstones are generally texturally more immature than A sandstones and are lithic arkoses. They comprise abundant K-feldspar (up to c.30%) with a significantly higher lithic component than A sandstones. Lithic fragments are dominantly quartzo-feldspathic aggregates of likely plutonic igneous origin, but also including minor gneissic ( Figure 5E ) and schistose fragments. Some fine-grained B sandstones are calcareous and contain micritic intraclasts ( Figure 5F ). Trace accessory minerals include albite, muscovite mica and detrital clay. Macroporosities in these sandstones ranges between 5 and 20%. Calcite occurs as a patchy pokilotopic pore-filling cement in all the sandstones.
Minor authigenic illitic clays occur, usually as a grain-rimming cement, and pyrite is present as a late phase.
C sandstones: Sampled sandstones are relatively well sorted and invariably display a bimodal grain size distribution comprising a fine angular grain component and a medium-coarse rounded grain component ( Figure 5C ). The sandstones are arkosic, with K-feldspar dominant, and sublithic, with plutonic igneous fragments most common. The sandstones contain glauconite. Macroporosity is less than c.15%.
Analytical results:
Sixty seven Pb isotopic analyses of sixty four K-feldspar grains/crystals from sandstone intervals in well 12/2-1z K-feldspar were carried out and the data are presented in Table 1 . Of these, 18 were obtained using a faraday collector configuration with the remaining analysis carried out using the ion counter collector configuration (see above).
Seven grains were analysed from two samples of the A sandstones in core 3, 17 grains from six samples of B package sandstones in core 3, 21 grains from seven samples of B sandstones from cores 1 and 2, and 19 grains from 3 samples of C sandstones from core 1. This characteristic could help explain some of the outlying Pb isotopic compositions, and could be due to small initial variations in Pb, U and Th, either between K-feldspars in the same rock or within individual zoned crystals. However, the differences appear insignificant in terms of the regional variation in Pb, for example, despite the Pb isotopic variation in sample 10, all data vary little in terms of 206 Pb/ 204 Pb and plot along a steep trend line.
PROVENANCE INTERPRETATION:
The majority of K-feldspars from A sandstones show a Pb isotopic composition that falls within the range defined by Source 2. There is a relatively minor component (2 grains) which fall within Source 1 It is important to note that in bulk terms, Source 1 appears to have been consistently available as a source during the Permo-Triassic and Middle Jurassic. Also, at every sampled stratigraphic level, either Source 2 or 3 is available, but never at the same time. The intermittent delivery to the basin of either Source 2 or 3 grains could be caused by the periodic rejuvenation of specific tributary systems, possibly linked to variations in uplift rates in the hinterland, or may be the affect of subtle climatic factors affecting the delivery of grains to the basin. The variation of provenance with stratigraphy in the succession highlights the potential of the Pb-in-K-feldspar provenance technique as a tool in the correlation of sand-prone but unfossiliferous intervals.
IMPLICATIONS FOR REGIONAL SAND-SOURCING:
The three source-types can be compared with Pb isotopic data from K- 
CONCLUSIONS:
1) The Pb isotopic composition of detrital K-feldspar offers a powerful method of determining the provenance of arkosic and sub-arkosic sandstones, and prospective source areas are also relatively easily characterised. When applied to Mesozoic sandstones in basins west of Ireland, the technique can place constraints on the scale and pattern of palaeodrainage and constrain the relative contribution of different source areas.
2) The bulk of K-feldspars in Permo-Triassic and Middle Jurassic sandstones from the eastern Rockall Basin (Dooish; 12/2-1z) appear to have been derived from three isotopically distinct source areas. Table 1 : Pb concentration, Pb isotopic and bulk feldspar composition data of detrital K-feldspars from sandstones in the Dooish well (12/2-1z). Data have been collected using two techniques (F = Faraday collector configuration, IC = ion counter collector configuration), detailed in the text.
